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We report a 205 Tl NMR study of vortex state for an aligned 
polycrystalline sample of an overdoped high-T c superconduc- 
tor Tl 2 Ba 2 Cu06+i (T c ~85 K) with magnetic field 2 T along 
the c axis. We observed an imperfect vortex lattice, so-called 
Bragg glass at T=5 K, coexistence of vortex solid with liquid 
between 10 and 60 K, and vortex melting between 65 and 85 
K. No evidence for local antiferromagnetic ordering at vortex 
cores was found for our sample. 
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I. INTRODUCTION 

Coexistence of magnetism with the mixed state of 
type-II superconductors has attracted great interests [1] . 
Nearly antiferromagnetic spin fluctuation close to the 
quantum critical point has been a key to understand the 
magnetic correlation of high-T c superconductors. Such 
an underlying magnetic correlation may affect the local 
electronic structure at vortex cores. 

Tl 2 Ba 2 Cu0 6+(5 (T12201) is an overdoped high-T c su- 
perconductor. The optimal T c is about 85 K for a reduced 
oxygen content. The early studies by Tl NMR with 4.26 
T [2] and Cu NMR with 7 T [3] for T12201 reported an 
obvious Redfiled pattern due to the vortex lattice. Al- 
though the magnetic ordering in the mixed state is not 
expected for T12201, because it is a typical overdoped 
electronic system away from antiferromagnetic instabil- 
ity [4], the recent Tl NMR study with 2.1 T shows coex- 
istence of local antiferromagnetic ordering at the vortex 
cores [5]. The specific characteristics of T12201 are cation 
disorder on the Tl site [6] and magnetic field dependence 
of the elementary excitations [7-9] . Disorder makes the 
vortex phase rich [10]. The effect of these characteris- 
tics on the antiferromagnetic vortex core is poorly under- 
stood. 

In this paper, we studied the vortex state of an over- 
doped high-T c superconductor T12201 (T c ~85 K) with 
magnetic field of 2 T along the c axis using a 205 T1 NMR 
spin-echo technique. We observed a Redfield pattern of 
the 205 Tl NMR spectrum at 5 K due to the vortex lat- 
tice state without static antiferromagnetic order at the 
vortex cores. 



II. EXPERIMENTS 

The powder sample in the present study is the same 
one as in the previous study [4], which was mixed with 
Stycast 1266 epoxy and magnetically aligned along the c 
axis. 

A phase-coherent-type pulsed spectrometer was uti- 
lized to perform the 205 T1 NMR (spin 1=1/2) experi- 
ments. All the measurements were done with magnetic 
field cooling. The NMR frequency spectra with quadra- 
ture detection were obtained by integration of the nuclear 
spin-echoes with frequency v. The width of the first ex- 
citing 7r/2-pulse t w was 4 /is (the excited frequency region 
vi ~63 kHz). Because of no fine structure but moder- 
ately broad NMR spectra, high spectral resolution [11] 
was not required in the present measurements. 

The nuclear spin-lattice relaxation curves p(t) = 1 — 
M(t)/M (oo) (recovery curves) were measured by an in- 
version recovery technique, as functions of a time t after 
an inversion pulse, where the nuclear spin-echo amplitude 
M(t), M(oo)[= Af(lOTi)] and t were recorded. In con- 
trast to the previous study [5] , the comb pulse train was 
not needed. The measurement of M(pc) was necessary 
to determine the function form of p(t). 

III. RESULTS AND DISCUSSION 
A. NMR spectrum 

Figure 1 shows 205 Tl NMR spectra with magnetic field 
of H =2 T along the c axis at T=85 and 5 K. The 
bare resonance line v$ given by 205 j n Ho ( 205 7„=24.567 
MHz/T) is denoted by the dash line. Above T c , the 
full width at half maximum of the spectrum is about 
50 kHz, being nearly the same as the reported one [5]. 
The linewidth can be considered to result from a stag- 
gered spin susceptibility (the second moment) and from 
a Knight shift distribution (the first moment). The 
enhancement of the static staggered spin susceptibility 
along the c axis is estimated from the 63 Cu nuclear spin- 
spin relaxation rate I/T2G [12]. 

The 205 T1 Knight shift is understood by the sum 
of the spin shift K c ^ sp i n due to the Cu-to-Tl super- 
transferred hyperfine coupling and the temperature- 
independent K c>res due to residual spin density polariza- 
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tion [9]. Below T c , the spectrum peak is largely shifted 
into the negative shift side (low frequency region), while 
the tail is still in the positive shift side (high frequency re- 
gion). Since for a singlet d a .2_ y 2-wave superconductor, lo- 
cal density of states of electrons is suppressed away from 
vortex cores but recovers at the cores [13], then we ex- 
pect that a Redfield pattern of the spin shift sc K C:Sp i n {v) 
due to the electron density of states affects the NMR 
spectrum. However, the observed negative shift indicates 
that a Redfield pattern of a superconducting diamagnetic 
shift sc K c ^ia{v) is predominant. 

The T=5 K NMR spectrum resembles the field distri- 
bution due to a slightly distorted vortex lattice [14,15] 
but not a Gaussian due to amorphous vortex or vortex 
glass. We could not deduce from the NMR spectrum 
which the vortex lattice is, triangular or square. 

The peak frequency can be assigned to the saddle point 
(S) in the field distribution of vortices, the highest fre- 
quency edge to the vortex core (V), and the lowest fre- 
quency edge to the minimum field position (C) mostly 
away from the vortex cores [13,16]. Site-selective NMR 
is possible for our sample. 

In Fig. 1, the Knight shift at the vortex core V at 5 
K is nearly the same as or larger than the normal shift 
at 85 K. An external magnetic field is squeezed at the 
vortex core. We notice that the squeezed magnetic flux 
density at the core yields a higher magnetic field than 
an applied external field, so that the shift at the core- 
site V can be larger than the normal shift. Using the 
additional positive vortex core shift sc K c j ie id(V) due to 
the enhanced field and the negative shift sc K c ^i a (G)<0 
due to the diamagnetic field, we obtain 

i/(V) - vq[1 + sc K CiSpin (V)][l + sc K Cifield (V)] (1) 

with sc K c . spm (V)> K CtSpin (T c ) [13], while 

i/(C) =^ [l+ sc K c , dia (C)]. (2) 

These are illustrated in Fig. 2. A part of the NMR 
signals at v{y) >49.18 MHz is due to the combined effect 
of magnetic flux squeezing and of the finite positive spin 
shift at the vortex core. To our knowledge, no one has 
ever pointed out the importance of this effect. 

No signal above 49.4 MHz at 5 K, that is, no evidence 
for the local antiferromagnetic ordering effect at the vor- 
tex cores was found for our sample. The difference in 
imperfection or in the crystal symmetry [6] may affect 
the local order. 

B. Nuclear spin-lattice relaxation 

Figure 3(a) shows frequency distribution of the recov- 
ery curves at 5 K. The recovery curve is close to an ex- 
ponential function at the peak frequency (S) but non- 
exponential at lower and higher frequency sides. These 



results remind us of the in-plane impurity-substitution 
effect [17]. The nuclear moments close to an impurity 
show nonexponential relaxation, because of random im- 
purity distribution. 

Figure 3(b) shows temperature dependence of the re- 
covery curve at ^=49.18-49.20 MHz. One can see non- 
exponential curves below 30 K and a nearly exponential 
one at 40 K. 

The solid curves in Fig. 3 are the least-squares fitting 
results by 

p(t)=p(0)exp[-^ r -J-}, (3) 
ii V T i 

where p(0), T\ and t\ are the fitting parameters. Equa- 
tion (3) is derived from an impurity-induced NMR relax- 
ation theory [18]. T\ is a nuclear spin-lattice relaxation 
time due to quasi-particle scattering or homogeneous re- 
laxation process, whereas n is an induced relaxation time 
due to random distribution of impurity relaxation cen- 
ters. Since there are no literal localized moments, the 
finite n may result from an extended staggered spin fluc- 
tuation around the vortex core [19], Friedel oscillation 
around the core [20], or thermal vortex motion [21]. 

For breakdown of the site-selective NMR, the recov- 
ery curve of the nuclear magnetization is nonexponential 
in the mixed state [21]. In the case that the magnetic 
penetration depth A c is too long, a sharp NMR line with 
hierarchical Ti components is observed and then the site- 
selective NMR does not work. The second moment of the 
NMR spectrum in the vortex lattice, a guide to broaden- 
ing, is given by 

y/< AH? > cx 1/Xl (4) 

where AH C is the field distribution around the peak [22] . 
For deeply underdoped and heavily overdoped supercon- 
ductors, the long Ac's are estimated [23]. For our sample, 
the observed Redfield pattern indicates a short A c . Thus, 
we suppose one-to-one correspondence of the site to the 
frequency shift. 

Let us briefly discuss the reason why the relaxation 
curve is nonexponential in spite of site selection in NMR. 
Figure 4(a) illustrates a perfect square lattice of vortices 
on a Cu02 plane for convenience. The recovery curve 
at any nuclear site in Fig. 4(a) must be an exponential 
function, even if local moments or local staggered mo- 
ments are induced at the vortex cores. For example, the 
vortex configurations around all the B sites in Fig. 4(a) 
are the same, so that all the recovery curves of the B-site 
nuclei would become the same. However, we observed 
the nonexponential recovery curves at the selected sites. 
Thus, the vortex lattice is not perfect. One may call it 
Bragg glass [24]. Figure 4(b) illustrates an imperfect 
vortex lattice with weak disorder. The vortex configura- 
tion around the B site in Fig. 4(b) is not unique, so that 
the assemble average on the vortex distribution leads to 
nonexponential relaxation. 
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C. Coexistence of vortex solid with liquid 



Figure 5(a) shows 205 T1 NMR spectra with magnetic 
field cooling. The narrow NMR lines between T c =85 K 
and T=65 K indicate motional narrowing effect, that is, 
vortex melting. The NMR spectra between T=60 and 
10 K are composed of two peaks with a negative and a 
positive Knight shifts. These peaks indicate coexistence 
of the vortex solid with liquid, that is, partial melting. 
At T—b K, the Redfield pattern indicates the vortex lat- 
tice. The similar, but narrow, coexistence region was first 
reported for YBa 2 Cu 3 07 [25,26]. The detailed measure- 
ment of vortex phase is in progress for our T12201 sample. 

Figures 5(b) and 5(c) show 1/n and 1/Ti as functions 
of temperature at C, S, and L on the solid lines in Fig. 
5(a). In Fig. 5(b), the peak behavior of 1/ti at L is 
observed at T/=20 K. Since the signal L comes from the 
vortex liquid in the coexistence region, the peak behavior 
indicates slowing down of vortex motion toward freezing. 
This is not due to the local antifcrromagnctic ordering 
around vortex cores. Tf is close to the irreversibility line 
[27]. The temperature dependence of l/Ti at C and S in 
Fig. 5(c) can be understood by the spatial dependence 
of local density of states of electrons [13]. 

More than ten years have passed since our sample was 
synthesized. The vortex phase is sensitive to crystalline 
imperfection. The aging effect, e.g. oxygen redistribu- 
tion, might realize the solid-liquid coexistence. The ef- 
fect, however, does not cause T c distribution in our sam- 
ple. We exclude a possibility that the signal L is a lower- 
T c part of the sample. The magnetic susceptibility does 
not exhibit T c distribution. The Cu nuclear quadrupolc 
resonance spectrum at T—A.2 K, which is sensitive to the 
oxygen distribution, is still similar to the previous report 
[28]. The temperature dependence of 1/ti of the signal 
L is not conventional behavior of superconducting onset. 

IV. CONCLUSION 

To conclude, we observed a vortex lattice with weak 
disorder for our sample T12201 (T c -85 K) with 2 T 
at 5 K, coexistence of vortex solid with liquid (T=10- 
60 K), and vortex liquid (T=65-85 K), but not the local 
antifcrromagnetic ordering at the vortex cores. 
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7„=24.567 MHz/T). The small signal around 49.3 MHz 
at 85 K is probably due to misalignment of some of the grains. 
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FIG. 2. Illustration of NMR spectrum in a vortex state. 
Superconducting diamagnetic shifts (dash curve) , d-wave spin 
shifts (shaded region), and their combination (solid curve). 
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FIG. 3. Recovery curves of 205 T1 nuclear spin-echoes 
against frequency at T~5 K (a) and those against temper- 
ature at 1^=49.18-49.20 MHz (b). The solid curves are the 
least-squares fits by Eq. (3) . 
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FIG. 4. Illustration of vortex lattices on a Cu02 plane, (a) 
a perfect square lattice and (b) an imperfect square lattice. 
Open circles are the vortex cores. The site notation conforms 
to Ref. [13]. 
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FIG. 5. (a) 205 T1 NMR frequency spectra, (b) 1/ri, and 
(c) 1/Ti with magnetic field cooling. Vortex melting (LIQ- 
UID), coexistence of vortex solid with liquid (coexistence), 
and vortex lattice (SOLID) are denoted in (a). No appre- 
ciable frequency distribution of the 205 Tl nuclear spin-echo 
decay curve was found at any temperatures. The 205 T1 nu- 
clear spin-lattice relaxation rates were measured at C, S, and 
L on the solid lines in (a). The dash lines in (b) and (c) are 
T 3 due to a superconducting gap with line nodes. 
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